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Abstract 


The basic construction of the Constance II experiment was completed during August of 1979 with 
the ins'lallaiion of tlic first set of loITc bars. Since then, several unprovemems have been made and several 
experirnentai investigations have been completed, llicsc arc: (1) the improved, liquid-nitrogen cooled, loife 
bars have been constructed and installed, (2) a diverter coil was insL’iIIcd between the guide and mirror Reid 
rcgioiiV, (3) the 100k VV ICRl- generator has been constructed and tested, (4) the data acquisition system has 
been completed, (S) confinement studies have determined the optimum hot-ion operation of the machine 
with lltanium and palsed-gas plasma guns, (6) the density, temperature, and radius of tlic plasma has 
been measured, (7) ion-cyclotron fluctuations have been obserted, their bandwidth mealed, and the con* 
ditions for its appearance investigated, and (8) preliminary ECRH data have been collected demonstrating 
resonance heating. In addition, development of the diagnostics has conlvnucd. For example, new x-ray 
diagnostics have been designed and purchased, and progress on die Thomson scattering has been made. 
Finally, a new hot cathode gun, which will soon be tested, has been designed and constructed. Ibis report 
discusses the current state of die mechanics of the Constance II experiment as well as die physics results that 
have been gadicred to date. In addidon, die motivation, background, and future plans for the Constance II 
experiment will be re viewed. 
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Constance II 


Summary 


I'his report is <*1 summary of the Cunstance Mirror Program. The Constance program is guided 
by mirror physics issues relevant to die National Mirror Program. Specifically, we have concentrated on 
problems of plasma tnicrosdibility in minimum-D magnetic geometry associated with cndplugs and MMD 
anchors of the tandem mirror. Until rccently.micrustability was the central thrust of experimental mirror re- 
search. Howci'er, with the advent of die tandem mirror and its successful demonstration in TMX, many new 
ideas and issues h-ive competed for the attention of the experimental plasma physics community. Obtaining 
microstability in a mirror confined plasma remains an important issue and one which will ultimately affect 
die sua'css of die tiindem mirror. Within the context of microsiability, new problems and questions continue 
to evolve. For example, die stability of sloshing ion distributions and plugs with dicrntai bairiers generated 
by groups of heated electrons, 'flicse types of physics issues detennine the role that the Cunstance program 
plays iu the mirror program. In addition, we are continually assessing the ability of die Cunstance II experi- 
ment to address oUier areas of mirror research. In particular, problems of electron heating are ideally suited 
to capabilities of Constance II, and in this report we outline an ECIUI program to address many relevant 
heating questions. 

This report is organized into six chapters. Tlic first chapter gives a summary of die experimental 
results of the Constance program and a background and motivation for each of the four areas of mirror 
research currently being pursued. Iliese areas are; 1) Hot electron stabilization of micruinstabilities, 2) 
Electron cyclotron heating, 3) Ion cyclotron heating, and 4) Fliisma gun studies. The second chapiter gives an 
up to date report on the construction and mechanical status of Constance II. Several important changes have 
been made and new diagnostics installed during the past year. Hicse are discussed in Chapter 2. Cliapter 
3 presents data from die confinement studies we have made and describes die plasma parameter regime 
available to us on Constance II. The final diree chapters describe the objectives and suitus of the experiments 
performed dnis farin our ICRF, ECRH, and plasma gun programs respectively. 

'fhe Constance II experiment is a minimum B mirror device fueled by a hydrogen loaded titiinium 
washer gun. Its design parameters were chosen to make it suitable for studying microinstabilities driven by 
die ion loss-cone distribudon inherent to a population of mirror confined ions. In addition its modest size 
and simplicity permit a diverse program of mirror physics issues to be addressed. 



'Ilw biisic construction of the Constance II experiment was completed by September 1979 with tlie 
insuillation of the first set of quadnipolc Ioffe bar coils. Since then, several improvements have been made, 
several experimental investigations have been completed, and our diagnostic capabilities have grown con- 
siderably. 1lie major improvements and additions to die experiment have been; (I) an improved liquid 
nitrogen cooled Ioffe bar design allowing better diagnostics access and significantly improved neutral gas 
control; (2) a lOOkW ICIU' generator; (3) a diverter coif located between die mirror and guide fields; (4) 
a data acquisition system interfaced to the M.I.T. Mac.syiua Consortium Computer; and (S) A 'Hiomson 
scattering system is being built and will be completed by June 1980. 'Iluss far we have completed experi- 
ments to determine the optimum operation of Constance II for producing hot ion plasmas using titanium 
and gas puffed washer guns. In addition, we have have measured density profiles, electron temperatures, 
and characterixed an instability that is observ ed during the decay of a hot ion plasma. Finally, we have 
perfonned preliminary ICRFand BCRH heating experiments. 

'fhe operation of Constance II is charactcri/.cd by two disdnet operating modes. For relatively 
short injection times, which result in line densities of ^ a hot ion, mirror trapped plasma is 

produced. Hiis plasma exhibits confinement times which arc characteristic of the expected collisional and 
drag processes. Under the proper viicuum conditions, iliis low density, high ion temperature (T. ISOeF) 
plasma exhibits an insiability at the ion cyclotron frequency. Hie otlier mode of operation produces substan- 
tially higher densidcs (rd < S X but die plasma Ls characterized by a two tempcniturc ion 

distribution, a cold ion component, and a hot ion componeiu (T*,- ~ ISOeF). 'flic density of die hot com* 
ponent is always ^ 10'*cm~^. For these long injeciiun, high density discharges, ion cyclotron fluctuations 
arc never observed. We believe that diis upper density limit of hot ion is associated with the plasma gun 
operation, and we have therefore undertaken a program to study die titanium washer gun and modified 
washer gun designs which utilize a puffed gas valve for the source of hydrogen. 11iis program has yielded 
gun designs better capable of controlling the plasma density, but higlicr hot-ion densities > 
hiive not been produced. In addition, we arc nearing completion of a hot cathode plasma gun similar In 
design to die plasma source used by .Ioffe ct ai, [Ref.17]. 1'his gun has been used to successfully produce 
plasmas in the range T, css ISOel' ni ^ 3 X 10‘^cm~* on the PR-6 and PR-7 experiments. 

An ICRF heating program has also been undertaken to increase die density and temperature of die 
trapped ions in Constance II. A lOOkW, 5 MHz transmitter was constnicted with surplus parts. Utilizing 
this transmitter with a two turn loop antenna we have successfully raised the ion temperature to 460cV at a 
power level of SOkW. We have also demonstrated an enhanced trapping of die gun injected plasma, llius 
far, the application of ICRF heating to die Constance II plasma has not enhanced die observed instability, 
however, the results are preliminary. We plan to continue tiiis program of ICRF heating with the objective 
of evaluating the microstability of ICRF heated plasmas. 

ITie hot electron stabilization studies begun on PR-6 (Ioffe,tf/ a/.. (Rcf.l7J) ant! Consuincc I is con- 
tinuing on Constance II. Hie fust stabilization experiments have already been conducted with liCRH during 
unstable, low density discharges. Future work will compare the electron beam and die ECRH techniques of 
making hot electrons. 


Finally, prcliminarj' results of die KCRII program arc reported. Good absorption is observed for 
the extraordinary wave heating used for the experiments. Net heating elTiciencics of 30% were measured. 
Mcating lias been obsened at die first and second harmonics. No high density cutolT has been observed, 
although this may be due to edge heating. Measurements of the bulk electron temperature with a l.angmulr 
probe and of die total energy with a diamagnetic loop indicate the same "type” of heating ob.scrvcd in 
Constance 1. 'flic bulk electron temperature rises by about a factor of 3-5 and a new 10 to 20 %) popula- 
tion of warm, 300-600cV, electrons Is formed. The warm electrons appear to make up the largest proportion 
of the caserved energy rise. Future experiments will include Thomson scattering and soft and hard x-ray 
diagnostics. We plan detailed measurements of the evolution of the electron energy distribution for several 
heating geometries pertinent to die tandcin mirror program. 




Introduction 


1. Hot Electron Stabilization . 

The most important physics issue of tandem mirrors is tlie microsiability of the cndplugs [Rcf.3]. 
'Hiese microinstabilities arc referred to as die drift-cyclotron-loss-conc (DCLC), Alfvcn-loss-cone (AI.C), 
and negative energy wave (NIiW) testabilities of which only DCLC has been observed experimentally [Ref. 
71. As evidenced by high bcam-cu/rcnt operation in TMX, die presence of the IXLC instability enhances 
central cell losses and severely reduces cndpjug ion-conilncment [Ref. 44). To insure high efliciency. future 
reactors must maintain microstability of die cndplugs. 

Foriunately. with die use of outboard, A*ccli barriers, die plectrostaticafly confined ccmral-ccll ions 
can nil the low energy, ambipolar hole of the hotter, cndplug*ions. Recent tiKory has shown that, if die 
barriers work as planned, this overlap of die central'ceil ions into the plug region will stabilize all plug 
microinsUibHIlies in TMX-upgradc and MFfF-B (Refs. 29,31]. 

However, other tandem mirrors issues such as die effects of Nf Ml) ballooning modes and central-cell, 
drift-resonance transport, have not yet been resolved. Future designers may be faced with the unpleasant 
choice of micro-unstable cndplugs with good radial conHnement or microstable cndplugs with poor radial 
connncmcnL For example, TARA, the proposed tandem mirror at M.I.T., has two outboard anchors with 
an axisymmctric barrier cell (Ref. 4S). In this case, the axisymmctric drills of the central cel! ions eliminates 
resonance transport, but the outboard'anchor is bare of the overlapping central-cell ions and must be stabi- 
lized by some other means. 

The search for an efficient and reliable alternate means of DCLC stabilizaUon motivates the 
Constance II hot electron stabilization experiments. 

Stream stabilization, hot electron stabilization, and die stabilization due to electrostiitically confined 
ions in a slosliing-ion plug arc the only alternate techniques suggested at this time. Stream stabilizaUon, 
which is reasonably well understood, refers to the forced filling of die ion’s ambipolar hole by injection of 
a warm "stream** from a plasma' gun or a gas box. Stream stabilization was successful in sUibilizing 2XIIB 
but the stream cooled die electrons and significantly reduced the ion confinement due to electron drag. On 
the other hand, hot electron stabilization has the bonus of heating the electrons during stabilization. Ioffe 
and Kanaev [Ref. 18,19] first demonstrated this technique by creating with ECRM a disk of magnetically 
confined electron in the mirror midplanc. Ilic experimental results have been well cxph-iincd experimentally 
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by tlic arguinciu that tlic electrons depress the midplanc potcntitil and electrostatically trap a sulTlcicnt 
popiil'.itiun of cool ions U) fill tlic ambipolar hole [Her. 19]. 

The PR*6 experiments lead to the only other successful, hot electron stabilization ovpcrimcnts/rhcsc 
were the Constance I Ivbeain stabilization experiments conducted by Klinkowstcin and Snuillin [Ref, 22j, 
and, later, tlie Constance I liCRU experiments {Ref. 25]. both tlie Soviet and Constance I experiments 
observed cnliancement of the instability at low to moderate powers and stabilization at higher powers. The 
first effect was attributed to bulk electron heating which widened the ambipolar hole, and the second to 
the accumulation of sudlcicnt hot electrons to somehow cause stabilization. In addition, the increase in 
diamagnetism during the onset of stabilization was remarkably similar for all three experiments. However, 
an important difference between botli die r*>bcam and HCRI I experiments of Constance I and diose of PR* 
6 is the large axial spread it) the electron distribution found in Constance I as compared with the localization 
to die mirror midplanc of die hot electrons in PR*6. 'fhis suggests diat other mechanisms like V R-drift 
damping and electron Landau damping may also contribute to die process of hot electron stabilizatidn in 
addition to die confinement of cool ions in local potential depressions. 

The Constance II experiment was designed for die purpose of diagnosing die mechanism and scaling 
of the hot electron stabilizadon observed in Constance I. "Ilic better diagnostics and vacuum access provide 
an improved test stand for the investigations of hot electron stabilization. In addition, K-bcam stabilization 
can be compared with ECRH stabilization under identical conditions and diagnostics. However, as will 
be described in die section on cunflnement studies, the Constance II plasma is unstable to ion cyclotron 
fluctuations only for densidcs less than Tliis is probably due to die observed decrease in hot 

Ion production as plasma density increases. Since tliis restricts the range of densities over which die electron 
heating can be shown to stabilize the instability, die ability to determine die usefulness of the technique for 
higher density tandem mirrors is limited. Consequently, new plasma guns have and are being constructed 
which may increase the density at which DCLC and hot ions arc observed. Ihis is discussed further in the 
sccdon on plasma gun studies. 

Finally, die other scheme to stabilize DCLC is by use of a sloshing-ion distribudon [Ref. 21]. Here, 
the bulk of die ions have turning points near die mirror peaks which creates a density and potential depres- 
sion at the mirror midplanc. 'fhis Is exactly the same idea behind the stabilizadon observed in ?R-6 except, 
in diis case, hot ions arc excluded from die midplanc instead of cold.clcctrons. Ihis mqdiod of stabilization 
may also be tested hr Constance II by tuning die ICRF to be resonant off-axis. This is explained furdicr in 
the section on ICRF heating. 


2. ECRH Program . 

Current plans for tandcm-mirror-rcactors require electron-cyclotron heating to maintain die high 
potentials of die endplugs {Ref. 5]. Plug electrons are heated to energies several times higher dian the 
average central-cell electron energy and dicrmal' barriers [Ref. 2] slow die heat exchange between the two 
electron populations, 'fhe addition of dicrmal barriers and electron heating to TMR designs reduce the 
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projected plug input power by a factor of four and simpfify plug technology (Refs. 5 and 23]. The 1.2 MeV 
neutral beams required to maintain a high plug density without barriei-s can be replaced by the (hopefully 
more feasible) lOOMW collection of gyrotrons. 'Hie tlicrnial barrier allows high electron temperatures at 
low Input powers, and die locally high electron temperatures gcineratc hiS*! potentials at low densities. 'ITic 
prospect for the improvement of tandem mirrors by the addition of electron heating and barriers h:is made 
HCRH a vital and probably an absolutely necessary element in die ultimate success of die tandem mirror 
reactor. 


However, the application of ECRH to dense (wpe ^ Wd,), hot-ion mirror-confined plasma is new, 
and die experimental experience for heating under diese conditions is limited. 


Most of the past experiments have been ECRH discharges. Of these, the most notable is the exten- 
sive work of the scientists at Oak Ridge under the leadership of R. Dandle which lead to the development of 
HIJ'r (Ref. 9,10]. Other discharges were studied by Fessenden and Smullin (Ref. 12] and IkegamI at Nagoya 
’ (Ikegami, (Ref. 15,16]). Also^ one of the only miiiimum-|19| discharges was the INTERM experiment (Ref. 
14]. ITie ECRH discharge differs from* the heating of hot, highly*iow/.cd plasmas since (1) die discharge 
is created from microwave-ionization of die high neutral gas. (2ymost of d^ RF energy was absorbed by 
a.supcidicrmal electroo-laii,' which can develop, energies -up. to scvclral hundred KeV. 'fhe hot-tails were 
well separated energetically from die colder and denser, bulk electrons whose density and tempcniturc was 
determined by die neutral piessure, the magnetic field, and the drag-power from the hot tail. For hlglt 
enough pressures, the hot-electron plasmas were stable and built up densities such diat oipj < Wce. Since 
these plasmas were predominately steady state, and since die hot electrons dominated die power absorption, 
bulk electron heating and electron energy development have not been studied experimentally in discharges. 


For tandem mirrors, die behavior and problems of electron heating of dense "reactor-like” endplugs 
are expected to be dilTcrcnt from that of die old discharge experiments. This is because tandem mirrors 
will require the "controlled development" of die electron energy distributions.' On the one hand, the bulk 
electrons must be locally heated to raise the positive confining potential of the plugs; while, on the other 
hani, the barrier electrons must be tail heated to depress the potential and insulate the plug from die 
central cell. Furdicrmorc, to be clTicicnt, die bulk-heating must guard against die added power drain due 
to tail-heating. And, in die barrier, the ECRH nuist be designed to avoid "hot-tail runaway" which would 
reduce banicr density and, consequendy, die barrier’s. ability to insulate (Ref. 40]. The establishment, 
time-development, and power balance, of a tandem-mirror, F.CRl I equilibrium has yet to be experimentally 
studied, theoretically predicted, or understood. In addition, because of the higher densities and temperatures 
of die modem mirrors, die power absorption, accessibility and refraction of die microwaves has become a 
much more critical issue in TM’s dian in ECRH discharges. For example, certain launch angles will enable 
complete first pass absorption; whereaa slightly different launch angles will allow die microwaves to pass 
through 'nr bounce around die plasma and heat unwanted resonance zones [Ref. 36]. 

The few non-discharge experiments that have been constructed to date arc characterized by high 
density plasmas formed by plasma guns with low to moderate initi, j electron temperatures 
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(Te ^ 20eV), llicsc include lolTc iind Kaniicv vyith PU-6 [Ref. 19). MaucI wiih (’instance I and II (Refs. 
25 and 26), and. recently, Snuillak (Ref. 41] studying second harmonic heating of Pliacdrus. Two important 
results of the Constance 1 experiment were the invcisc density scaling ofhot-clcctron tail production and the 
observation of a hot electron instability during high healing powers and low dcnsidcs. 

The first full test of RCRM on tandem mirrore is planned for the 'rMX-upgradc experiment early in 
1982 [Ref. 42). Here, die hot-electron barrier will be formed with second-hamionic HCRII in large mirror- 
ratios (R=4), quadrupole-stabili/ed, sloshing-ion cndplugs, h'irst-harmonic heating of the outboard half of 
die plugs will fonn the confining potential for die central cell. Other experiments will test variations of this 
configuration. 'Para at MIT will hopefully be in operation late in 1983. 'Para will feature an outboard anchor 
and an axisymmetric plug [Ref. 45]. MKIT-B will have two inbound anchois and die barrier and plug in die 
outboard A-cclls [Ref. 3], 

All three of diesc devices share the idea of using hot, magnetically confined electrons, for a 
barrier (and/or for an MHD anchor) and ECRH to maintain the high plug-cell temperature dilTcrcnce. 
Unfortunately, liCRH has not been experimentally tested fur these applications. Consequently, die tandem 
mirror experiments will be confronted with two, somewhat overlapping physics tasks: (I) die study of tan- 
dem mirror confinement (eg. microstability, radial transport, and potential confinement), and (2) die study 
of electron cyclotron heating of mirrors. 

'Phe Constance II ECRH experiments arc designed to help bring timely answers to some of the 
questions conttiincd in the second task. Although die size, density, and temperature of die Constance II 
plasma arc lower diari those expected in TARA and TMX-U immediate solutions to die mysteries of acces- 
sibility, heating rates, ECRII-mnintaincd equilibria, and bulk vs. tail heating would most certainly speed the 
application of ECRH to future machines. Currently, Constance II is equipped to investigate the following 
problems: 


1. Demonstration and evaluadon of die bulk heating of dense, mirror-confined 
plasmas. 

2. The study of the conditions which produce bulk or tail hearing and of those 
producing "ECRH ninaway". 

3. Fomuilation of a consistent theory which predicts die observed heating rates and 
the scaling of die heating with density and temperatures. 

In addition, at a later date, Constance II can: 

4. Create and evaluate a hot electron barrier by maintaining a localized population 

' of magnetically trapped electrons. 
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5. And, idcnUfy the hot. cicctrun instability, and dctcmiinc the conditions for des- 
tabilization. 

llie pawedure and description of die experiments designed to accomplish tins arc described with more 
detail in the section on die KCRH program. Also, preliminary results of tlic KCRH experiments arc 
presented. 


3. Ion Cyclotron Heating . 

During tlie past year we have begun to investigate ICRF heating in tlic Constance II cxperimcnL 
The goals of the ICRF program arc 

1. To better control the trapped pKasma parameters in Constance II.. 

2. To investigate the microstability of ICRF heated plasmas. 

3. To explore the possibility of producing a sloshing ion distribution using ICRF 
with stream liiling of a mirror. 

An ICRF transmitter capable of delivering 100 kVV at S MI Iz was consmicted In the summer of 1980 
from surplus parts. The primary motivation for constructing tliis transmitter was to incrcf sc the ion energy 
and density of tlic Constance II plasma. 'Iliis increase in ion cnergv would allow us to study plasmas tliat arc 
potentially more unstable to microinstabilitics driven by ion loss-cone distributions. Very little control of the 
ion temperature is possible with the normal titanium washer gun operadon. We hope to be able to control 
Ti over a range from ISOeV - IkcV. In addition to changing T,-. the application of ion cyclotron heating 
should trap streaming plasma from the. washer gun more efTcctivcIy. The washer gi-n produced plasma has 
been siiown to be composed of a hot ion component and a cold ion component (see Chapter 3). Thus far 
we have nut been able to produce high density plasmcis without a substantial fracdon of cold ions. We arc 
hopeful Uiat the application of ICRF can be used to heat tlic cold component suRidcntly to prevent it from 
stabilizing die ion cyclotron instabilities we study. 

The use of ICRF heating as a stabilizing technique to microinstabilitics was originally suggested by 
Kesner [Ref. 21 j. The ion distribution function resulting from ICRF hcadng combined with fueling near the 
velocity space loss boundary tends to produce a distribution diat satisfies dffdE < 0 ihroughout most of 
velocity space, in constrast to neutral beam fueled plasmas. In addition, die ion distribution can be changed 
by moving die resonance zone between mirror midplanc and the mirror peak. We hope to fully explore die 
microstability ofdicsc ICRF heated plasmas. 

The use of sloshing ion distribudons in quadrupolc and axisymmctric cndplugs to produce thermal 
barriers and create microstabic MUD anchois, is a current topic of great interest in mirror research. We 
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plan to investigate die possibility of creating i sloshing ion disiribuiion in Constance II using ICRI* heating. 
Ily tuning iltc hotting to a resonance far od titc nvirror midplanc and fueling diC mirror with a stream gun 
it may be possible to create a sloshing ion distribution. We ate writing a Monte Carlo code to assess the 
feasibility of producing slosittng ions in Constance II. We plan to measure by modifying our 

charge exchange analyzer to view the plasma at angles of < 90 ’ to the magnetic field. If we arc successful 
in producisig a density distribution peaked olf the mirror midplane we plan to evaluate its confinement 
properties (i.c. Xcoi,/. stability) and combine our liCR heating to produce a thermal barrier at the midplane. 


4. Plasma Gun Studies . 

In tire Constance experiments, the mirror is loaded with plasma produced in a plasma gun. In our 
experiments, so far, Uicsc Itavc been washer-guns ciUicr fueled by an fijt loaded Ti anode or by a fast gas 
valve. It is a fortt oatc fact iliat these guns produce a plasma with a significant hot ion component, and that 
the plasma is higlily ionized. Thus it is possible to produce a plasma useful for studying mirror provicms, 
witir rather simple cquipmcni. HowcvcrKWC have only a limited ability to vary (increase) the ion temperature 
above — iSOeV, since the only variables arc the gun discharge current and the injected gas. 

As part of our overall program, wc arc studying the plasma streams from die washer guns (11 and 
pulsed gas), and wc arc building a hot cathode {LaEfa) plasma gun fur similar studies. 

Although wc have collected considerable empirical data, wc still have no coherent description of 
the ion heating mechanism. Hie cicctrusuitic nuctiintion spectrum has a strong band in the UHF region 
0.2 l.SCIIz. This corresponds roughly to /^,. Although wc have searched carefully, wc have 

found no evidence of electron-plasma, oscillations, after die fust frew microseconds of the discharge. 
Corresponding to die observed density, these should lie in the range of 10-40 GHz. 

Future work will continue to focus on the ion heating mechanism, os well as on the study of die hot 
cathode plasma gun. 


Construction and Mechanical Status 


1. Vacuum System . 

A schematic drawing of Constance II is shown in Rgurc 2.1. and a photograph of the device as of 
June 1980 is shown in Rgurc 2.2. During F.Y.80 the basic device fabrication as outlined in the propostil 
was completed with the exception of tlic Thomson scattering equipment Several new diagnostics were 
coitstmctcd and a new lolTc bar design was fabricated and installed. 

The vacuum system utilises 11 gettercd surfaces tluoitghoui to attain die base pressure of 5 X 10~^ 
Torr. All gettercd surthccs arc at room temperature with the exception of the lolTe bar magnet which is at 
LN> temperature, A diverter coil has been installed between the mirror peak and the plasma gun to prevent 
cold plasma in the guide held region from entering die mirror during die piasina decay period. Tlic diverter 
coil is energized by an ignitron switched capacitor. 11ic diverter field lias a rise time of SO^^ec and decays 
with a time constant of GOO^ec. 

A new LJVa cooled lolTc bar coil set was installed to improve vacuum condition during plasma injec- 
tion, and to improve diagnostic acceso in die mirror region. During die initial operation of Constance II, we 
discovered diat the support structure for the original lulTc bars intercepted plasma flowing from the plasma 
gun. In addidon, vacuum leaks were discovered in the stainless steel casing of die coil. Subsequently, a new 
design was fabricated which incorporated 1. N-i cooling and a simpler support structure. Ihc LN 2 cooling 
enabled us to use smaller copper conductors, hence increasing access and providing cuoiing for die gettercd 
surfaces of the loflTc bar stmicturc. Figure 2.3 compares die cross sections of die two lolfc bar designs. 


2. Diagnostics . 

Several diagnostics have been installed on Constance II during die past year.. Listed below is a brief 
description of each diagnosUc and dicir status of construction or operation. 

2.a. Microwave Interferometer . A 60 GK/ interferometer is installed at die mirror midplanc. Line den- 
sities > n/ > 5 X arc routinely measured. 'flic cutolT density is 4.4 X 

2.b, Charge Exchange Analyzer . A three channel charge exchange analyzer is mounted to view the 
mirror midplanc. I1ic analyzer utilizes electrostatic deflection and clianacitfon detectors. Oxygen is used, as 
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Mgurc 2.3. A comparison of tlic old and new lofic bar cross sections. 

a stripping gas because of die increase in sensitivity it provides for energies below 1 KcV. Ion temperatures 
have been measured in the range lOOeK < 7\ < SOOeV, Tlie cross sections for die stripping and CX 
reactions have been programmed in the computer lyhich enables nearly instant intcrpreUition of die data. 

2.C. Probes . 

Floating potential probes arc used to observe electrostatic (Iiictiiations characteristic of ion cyclotron 
inslabilitics. In addition, they arc used to measure the low frequency (steady state) value of die floating 
potential. I’wo probes arc turrcntly mounted in Constance II. A double tip probe is mounted at the mirror 
midplanc and is movable in radius. The probe can be rotated to measure k ||, &JL. A second probe is 
movable along die axis and adjustable in radius. In addition, a Langmuir probe mounted at the mirror 
midplanc has been used to measure electron temperature, and density as functions of radius and time. Hie 
probe bias voltage can be swept 600 volts in Tfiace. 

2.d. Diamagnetic Loop . A 100 turn, electrostatically shielded, diamagnetic loop is mounted 2 cm olT the 
midplanc. Hie loop has been calibrated using two coils to simulate die diamagnetic moment of die plasma. 
Integration of the loop signal is performed with die aid of our diagnostic computer interface. 'Flic loop 
provides good quiintiiadvc data when the machine is operated in a simple mirror (no Ioffe bar Held) mode. 
However^ die pulsed nature of Ioffe bar current has made it dilTicutc to obtain reproducible results while 
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cncrgis'ing tJic cull. \Vc have ordered parts Tor (lie modincntion of the lulfc bar capacitor bank to produce a 
flat top current fur > Sflmaec. 


2.e, Spectroscopy . Three spectroscopic instniments have been used on Constance II over the past year. 
First of all, a ,5 meter visible monochromator was used to view the 1/2" plasma gun directly while monito* 
ing various metal unpurity lines (mainly titanium). This experiment gave us insight into the metal impurity 
production rate of die gun. Doppler broadening measurements of H/j line were also made indicating the 
production of relatively cold hydrogen neutrals by die gun. Secondly, a ,2 nicter VUV monochromator 
fltted with a channeiiron detector and counting circuit has recently been installed on Constance II. I1ie 
monochromator has been used to investigate impurity radiation in the vacuum ultnivioict, and to verify 
die electron temperature measurements of the Tangnuiir probe. Dackniling of the machine with various im* 
purity gases was used as a calibration of various impurity lines. Preliminary results slmwed oxygen impurity 
leveis of 5% and somewhat higher imputity levels of carbon. Finally, in a general survey of VUV impurity 
lines, we found measurable signals from Cli, CIV, NIII, OII-OVI, Till, 'lilV, and Cuii. 

Completing our spectroscopic diagnostics was an Optical-Multichannel-Aiialyr.cr (OMA) loaned to 
us by Princeton Applied Research. With diis instalment we were able to judge radicr quickly titc difTerence 
in dianius production between cur standard 1/2” plasma gun and a new pulsed gas gun (considerably less for 
die pulsed gas gun). 


2.f. Thomson Scattering . Construction of a lliomson scattering system is nearing completion for instal- 
lation on Constance II. llie entire system has been designed to translate on one optical table, allowing easy 
alignment and radial measurements. In-line collimation and beam expansion assures a very low divergence, 
spocially pure beam is focused to a I mm spot size within die chamber. The polychromator is a three grating 
device providing twelve orders of magnitude attenuation of die 6943A stray light signal. The dispersion 
is such that reliable measurements should be possible over the range 5 < Te < lOOeV. Six 20A wide 
channels detected by Varian VPM 192 photomultiplier tubes feed into a twelve channel charge integrating 
digidzer. The digitizer interfaces directly to our data acquisition computer. 

2.g. Data Acquisition System . Nearly all ofthc Constance II data are digitized, stored, and processed by 
a data acquisition system, 'llic system consists of a CAM AC crate, with 't’s interface and digitizer, connected 
to die Plasma Physics TV display system and the Moesyma Consordum computer. ARer each shot, die data 
are cataloged, processed, and plotted within one and one halTminutcs. 

Two. eight channel* 400K Hz digitizers are used for die slowly varying signals such as the density, 
diamagnedsm, (TX, and soft x-ray signals. Four fast, 20 MHz digitizers allow processing of DCLC 
fluctuations and fitst-sweeping l..angmuir probe currents. Interleaving die clucks on the fast digitizer enables 
FFI' analysis up to 20 MHz for SOpsee intervals. In .addition, 3 items have been recently purchased which 
will expand the data handling capability. 'Hie data from the eight hard x-ray ciiannels will be digitized in a 
scaler; die 'rhomson scattering data will be recorded by a 12 channel charge digitizer; and a 32 channel ADC 
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will be used to record viirioiis cluireing voluigcs iind sellings bcrorc each slioi. 

2,h, Soil X’Ray Deieclors . Soft x-rays of energies between 250oV and lOkcV ar? measured with four 
OllTKC Series ft surface barrier detectors, nerylliuin filters arc used to select four energy bands withiii 
which the radiated brciiissirahiiing intensity is mciisurcd, Transimpcdancc preamplifiers liavc been biiill fur 
the detectors; currents of ^ 10“” amp can be measured at bandwidihs of 200 kl I/.. This equipment will be 
used primarily to determine the amount of bulk and tail hetiting resulting from I’CR and ii-beam healing. 
The surface barrier array is inside the vacuum system and can be lilted radially and axially to help determine 
the location of die hot electrons. 

2.1. Hard X-Ray Diagnostics . 'I'hc hard x-rays produced from hot electrons from 5 KeV to 50 KeV will be 
measured by cuiintim^ scintillation in a fast, K(x:h-I.iglu, plastic scintillaicr. The pulses from an RCA 8575 
PM T are fed into art eight channel 100 MH/ discriminator which will give an indication of the hot electron 
energy distribution. Hie output of the discriminator is counted in a 24 bit CAMAC sealer which will be 
processed by the computer. 

2.j. Endless Analyzer . A five-grid energy analyzer has been installed at the end of die chamber to study 
the particles streaming out of the mirror during die plasma gun pulse and during the plasma decay. 


Confinement Studies 


1. Introduction . 

In this ciidpicr, wc present data from the Constance II experiment which I’cpresent the operating 
regimes as wc ctirrcntly understand them. The Introduction gives a brief description of the machine opera- 
tion and presents tlic timing sequence of a typical shot. In the following sections wc present daoi which 
charoctcriitc two regimes of operations; "long injection" discharges and "short injection" discharges. Hie 
plasma in these experiments, was generated in a 1/2" 'n-wnshcr gun. Suhscqucni experiments with a pulsed 
gas gun showed qualitatively similar results. We discuss the conditions tiint arc required to produce a 
mirror confined plas.’iin of moderately higli ion icmperntuie and prescn.i characteristics of Uic resulting ion 
cyclotron instability. Finally, in liiis chapter wc present die many otiicr mc.isurcmcnLs Uiat have been 
taken which eharactcri/.c uur plasmas genmetr)' and evolution during a typical discliaige, Tlic data reialing 
to ICRF and BCR heating cxpcrimciiLs will not be presented in tills chapter but arc presented in their 
respective chapters. 

The Constance I i experiment is operated in a pulsed fashion, tlic shots arc about I msec long and 
separated by approximately 2 mtnutes. Plasma is produced by n liydrugcn loaded titanium washer gun or gas 
pulTcd gun of simitar design. Plasma Hows along die 2.5 meter long guide field into die mirror region where 
a fr.ictiun of this streaming plasma is trapped by collisions and wave turbulence. Plasma injection occurs for 
O.l-l, mitlisccund. SOfxaee before the terminarjon of die plasma injection, a diverter coll located outside die 
mirror peak is energized, 11ic purpose of the coil is to prevent plasma dial has collected in die guide field 
during injection from streaming duough the mirror region during the plasma decay period. Plasma which 
is not trapped in the mirror during injection flows into the end vacuum tank and strikes titanium gcttcrcd 
surfaces. Figure 3.1 shows a typical lime sequence for the c.xpcrimcnt. Titanium gcttcring is used throughout 
the experiment to help cuntrni die evolution ornctitral gas during a shut. In general, neutral pressure is held 
below 5 X 10'~^ for the duration of disciiargc, and virtually all of this gas production luis been linked to 
plasma (lowing into chamber walls, lofFc bar coil supports, probes, etc. in die mirror chamber. With the 
quadnipulc lolTc bur coils tgrned ufiT, die neutral pressure rises to a much smaller level. 

The dircc groups of magnet coils arc independently controlSabic over die following range; guide- 
field ^ l.SkG, midplnnc-ficld ^ 5.5kG niidplanc, quadrupolc field cilipticity ^ 20: 1. 'Hie data presented 
in this chapter were taken with die guide field set at 1.8 kG, and a mirror midplanc field of 2.8 kC with an 
clli|Kily of 12. 
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2. Typicat Discharges . 

In this section we present and discus tlic data from two sets of shots that arc representative of the 
discharges obtained on tlie Constance II experiment using a 1/2" titanium washer gun. 11ie first set of 
data is the average of nine cunsecutive shots taken under identical conditions and is characteristic of "long 
injection” shots. 'Fhe plasma injection lime was 375 pace and the pKisma gun \;apacitor bank was chaigcd to 
2000 volts. 11ie data arc presented in Figures 3.2 through 3.4. Ihe second set of data is the average of six 
shots with a shorter injection time of 250 fuee and voltage of 2000 volLs on Uie gun capacitor bank. These 
shots arc characteristic of -'short injection" shots. These data will be presented later in diis section. 

In the first data set, (/& "long injection") Figure 3.2, the line density rises to a peak value of 
1.9 X at tlic time of gun crowbar. Tlic density tlicn decays witli a time consumt of approximately 

SO puee. Qiarge c.xchangc flux signals from two energy channels of tlic charge exchange analyzer arc also 
shown. Ihcsc two signals were used to calculate the ion temperature sliown in Figure 3.2 characteristic of 
the ex flux above 500c V. 'Ilic charge exchange signals arc related to several plasma parameters tlirough the 
relationship 
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CXriux = Cn,,ni-exp{—E/kT) 


where rto is tiic neutral linckground density, n,- is the ion density, R is the energy of the channel, T is the 
ion temperature and C is n constant which includes die charge exchange and stripping cross sections, and the 
calibration of die instninic'iit. !t is clear from die above relationsiiip that die ion density, n,-, at a given energy 
can be measured if n«, and 1' are known. T is determined from die rado of die signals from die two channels 


^igh ^0ii> 

We have been able to measure rio as a function of time by intentionally backfilling die vacuum chamber with 
a known density ofHi gas and observing the increased change exchange flux in each of the energy channels. 
The neutral density rio prior to backfilling is then related to backfilled case by 

^ CXn(1)-CXM 

where N„ is the known backfill density, and CX,,, CX,m arc die charge exchange flux signals corresponding 
to the neutral densities no and No respectively, Dackfilling die vacuum chamber to a low density No 
10* *cm~^ has also been valuable in enhancing die observed charge exchange flux early in die discharge 
when Tio is very low. We note here diat die charge c,\cliangc flux measured by our analyzer is only an 
indication of ion density above 500c V. Our plasma is probably composed of a hot ion component and cold 
ion compon int as explained later. Therefore, wc will refer to the ion density measured by the CX analyzer as 
the "hot icii density”. 

Wc present two additional pieces of data. Figure 3.4 shows die neutral density measured as a 
funedon of dmc itsing the technique described above, In Figure 3 J wc show die data from an average of 
nine shots Liken under the same conditions as the data in Figure 3.2 except that the vacuum chamber was 
intendonally backfilled to a pressure of 3,2 X I0~^torr/f2. In addition wc show the total pressure (backfill 
plus plasma produced) and the corrected CX signal which indicates die true time history of die trapped 
huHon density n^raj,{E) where E is die energy of the respective channels. Wc note here diat die charge 
exchange diagnostic measures only the charge exchange neutrals that oi igiriatcd as deeply trapped ions since 
it views die plasma at die mir ror midp lanc and at 90 * to the magnetic Held. 'Hiat is, it only views neutrals 
that satisfy t>|| »=« 0, v J_ = y/2E/mi where ,E is the energy of die channel. 

The trapped hot-ion density, is given by die following rate equation 


j n*®* 

“ „hot _ 
^^trap — 


TV, 


.hot 


trap 
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Figure 3.4. Neutral density as a function of time using Uic technique 
of relative CX intensity measurements as tlie chamber is backfilled with 
hydrogen. 

where is the density of streaming hot plasma (produced by tlic plasma gun). Referring again to 

Figure 3.3 it is clear tliat nirap reaches a maximum at about ISO/iraec into the discharge, for the two energies 
being measured. At tltis time, tlic two terms on dtc left hand side of equation 3.1 must be equal, making 
dntrap/dt = 0. 'ITie trapping and loss rates nrap, noai arc both diffusive processes in velocity space, 
resulting from collisions and RF or turbulent diffusion. While we do not know what Tirap and rvoxa are 
quantitatively, during the filling process, they may be nearly equal since tlic diffusive processes which trap 
streaming-ions also result in loss of trapped-ions. Hie above argument leads us to tlie following conclusions 
about the present operation ofTr-washer gun operation and the filling process of tlie Constance II experi- 
ment I^rly in tlic gun discharge the current of hot ions reaching tlic mirror rises rapidly to a peak value. 
The hot ion current ilien decreases with time, however, the trapped hot density continues to rise and at a 
t = tmax die hot ion streaming density, equals tlic trapped density From tliis time fonvard, 

both and n^°rtam decrease monotonically with time. Hie density continues rise but this is due to 
colder, streaming ions. This scenario is summarized in Figure 3.S. 

To establish a useful mirror confined plasma, we must maximize the density of trapped energedc 
ions and minimize die various collisionai loss processes, 'llic data presented thus far indicate that diis 
optimum operation is obtained by injecting for a dmc as indicated in Figure 3.S. We present daLi from 
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Figure 3^. TIic evolution of and n*"‘p. 


a discharge of tliis type in what fallows. However, some discussion is appropriate at this juncture on our 
ability to control ntrap and the time <„,ax for which is maximized. Our primary control of plasma 
gun operation is tlirough die voltage applied to the capacitor bank power supply fur the gun. In general, we 
can state that over a range of voltages from 750v to 1500v, higher voltages result in shorter times for 
and that relatively little change is observ'cd in the maximum value of Outside tliis voltage range, the 
maximum attainable r*j^p is generally lower in vaitic. However, other factors alTcct the operation of tlie 
gun and the values of t„,ax and The total number of discharges logged on a gun effects the condition 
of tlic Hydrogen loaded washer and hence effects and n{'“'p, albeit in a somewhat iinprcdictiible way. 
Finally, die vacinim conditions of die machine and the surface conditions of the gun have proven to have 
effects, as yet not well understood, 'flicsc issues will be presented in greater detail in the plasma gun studies 
section of this report. 

We now present and discuss data from a series of "short injection" shots. These data arc averages 
of several consecutive shots taken under idciUicnl conditions, 'fhe plasma gun injection parameters have 
been chosen to maximize die measured value of 'Hiesc data arc prc.scnted in Figure J.6. Tlic charge 
exchange flux rises to a peak at approximately the time of gun crowbar, 'fhe peak fluxes measured in die 
two channels arc approximaicly equal to the first set of data reprcscnUitivc of die long injection shots. The 
measured line density is very low during most of the shot, being at or near our lowest detortablc value of 
approximately 8 X iO‘*c?n~^. Note diat the line density rises to a peak value of 1.6 X at the 
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time of cruwbiir, however tliis sliort duration of increased density h not consistent with the time history of 
die ex Hux and therefore cold or unconfincd plasma is probably responsible fur diis rise in dc-asity. 

If we hike die charge exchange decay time to be equal to the trapped density decay time (this is not 
strictly correct since we should correct for variation of n„(0). we can calculate the expected trapped density 
assuming cliissical losses due to ion-ion, electron drag, and charge exchange collisions. 

_JL = 1 — -L 

^con/ '*’«■ lo8 ^drag 

Rt/f is the elfcctive mirror ratio /?/(! + ^/r,) which accounts for a positive potential of ^ at the midpinne. 
We have taken a potential ^ si 4Te = 20 volts, Ei = ISOeV', and die measured confinement time 
Tconf = 200fiaec. Using dieir col'iision times given by [Ref. 1], we calculate an expected trapped density of 
njrap = 5 X 10“ cm~*. 


The conclusions can be summarized as follows. We have siiccessftilly produced a mirror confined 
plasmas of moderately high ion temperatures T/ cs: 150eV' and line density of nJL < 8 X 10 
'Uicse plasmas exhibit confinement times which arc consistent with collisional losses from a mirror R = 2. 
Attempts to increase the trapped density above nJt. > 8 X 10“cm~^ result in die addition of a cold ion 
component and the reduction of the hot ion component. Densities of up to nl ^ 6 X 10''’cm~^ have been 
demonstrated with depressed ion temperatures and may be useful for ECRU studies. 'Hie above results have 
lead us to explore die operation of modified We'^her gun designs, and hot cathode guns which have proven 
more successful in similar experiments on PR:? by Ioffe and co-workers (Ioffe, et al., 1974), 


3. The Characteristics of the ton Cyclotron Fluctuations . 

Our goal in studying die mirror trapped plasma in Constance II is to produce a plasma which 
reliably exhibits an instability of die kind routinely observed on higher energy density devices such as 2XIIB 
and I'MX. We have described, in the previous section the controls and parameter range available to us in 
the operation of Constance II using die 1/2 inch titanium washer gun as our plasma source. From the pre- 
vious discussion we would expect diat instabilities driven by an ion loss-cone dismibution would be present 
only when operating in die "sliort injection” and therefore low density mode. We have found this to be 
a necessary however not suflicient requirement for observing ion cyclotron fluctuations during the plasma 
decay. Tlie utmost care and vacuum integrity is also an important ingredient for exciting loss-cone driven 
instabilities in experiments of moderate ion temperatures (1 00- 1000c V). We have observed this to be die 
case on previous experiments, Klinkowstcin, [Ref. 22], Mauel, [Ref. 25], and it has been reported by odiers 
[Ref. 18J. 

Shown in Figure 3.7 is an oscilloscope photo of the signal from a floating potential probe, located at 
the mirror midplanc, during the plasma decay of a short injection discharge. Tlie probe contacts die plasma 
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Figure 3.7. Oscilloscope photo of the signal from a floating potential 
probe, located at the mirror midplane, during the plasma decay of a short 
injection discharge. 


at its edge (r = 3cm). During the injection phase of the experiment, fluctuations are detected which are 
broad in spectrum and associated with the discharge mechanism of tiie plasma gun. Immediately following 
gun crowbar and die energizing of the diverter coil, a quiescent stage of the pUisma decay is observed usually 
lasting 50 — 150/mcc. A burst of fluctuations is then obsen'cd. The fluctuations during the plasma decay arc 
at the ion cyclotron frequency and its harmonics. Shown in Figure 3.S is a burst of ion cyclotron fluctuations 
that was captured by one of our higii frequency digitizers and the associated ]''ouricr transform of tliis signal. 
Note that peaks arc ubsened close to tlic calculated midplanc ion cyclotron frequency. 

As mentioned earlier, the fluctuations arc observed only under tlie best of vacuum condition and 
for short injection duration. We do not observe tlicsc fluctuations for longer injection discharges. 1'his 
is consistent with tlic increased coilisionality associated witli the higlv density cold ion component that we 
measure under these conditions. 


4. Other Plasma Parameters . 

In addition to the plasma parameters already discussed several other measurements have been made 
to characterize the Constance II plasma. .A Langmuir probe located at the mirror midplanc was used to 
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CONSTANCE II FRIDAY. October 17, 1980 [59] 



Figure 3.8. A burst of ion cyclotron fluctuations captured by a high fre- 
quency digitizer (top) and the Fourier transfonn of this signal (bottom), 
llie second peak is due to the aliasing of the second ion-cyclotron har- 
monic. 
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measure tltc radial density profile, and to detennine Tc as a function of lime. Shown in Figure 3.9 and 3.10 
are the ion saturation current as n function of radius and time, for two plasma injection conditions. Figure 
3.9 is with the Ioffe bar coil energi/ed and Rgure 3.10 is without dtc Ioffe bar field, lire most immediate 
difference between die two cases is the larger radial extent of the plasma when the Ioffe bar coils aie on. The 
Ioffe bar field also has a marked effect im die measured trapped, hot-ion density. In the absence of the Ioffe 
field, the trapped, hot-ion density is below the sensitivity of our charge exchange analyzer even when the 
chamber is backfilled with Hi to levels higher than those with die Ioffe bars energized. 'I1iis indicates diat 
trapped, hot-ion density is increased by more than 100 limes when the quadrapole field is on. 

The Langmuir probe bias voltage can be swept through to 600 volts in 7f.iaec. It has been used to 
measure the electron temperature during die Constance II discharge, i fie electron temperature is generally 
in the range of IS-40cV during the injection phase of the experiment and somewhat colder 4- ISc V during the 
plasma decay. Figure 3.11 shows the electron temperature for gettercd and ungettcred vacuum chamber con- 
ditions. A slight increase in Tc was observed for the gettercd case. Aiso shown. Figure 3.11, is .a parametric 
plot of probe current vs. bias voltage for a typical probe sweep. 
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1. Introduction . 

An ICRI* heating program has been undertaken on die Constance II experiment with a primary 
objective of better controlling die mirror trapped plasma parameters. In die absence of ICRF heating, 
plasma parameter adjustments are possible only by changing die pla.snia gun power supply settings. Ilie ion 
population can be altered in several ways using ICRF heating. Bulk heating of ions is possible by resonant 
absorption of the slow ion cyclotron wave. Trapped plasma density can be increased due to enhanced 
diffusion of ions in velocity space. Finally, the ion distribution can be broadened or peaked in velocity space 
by changing die location of the resonance zone in the mirror. 

Our initial ICRF hcadng results have shown diat wc can successfully heat the ion population up 
to 4S0eV by the application of SOkW of RF power resonant near the midplane of the mirror. In addition, 
die data from the inicrowavo interferometer imply that the trapped density is increased substantially by the 
application of die ICRF heating. 


2. ICRF Transmitter . 

A 5 MHz 150k W transmitter was constnicted to perform the ion cyclotron heating experiments. Tliis 
transmitter was constnicted from surplus parts collected from the Plasma Fusion Center and the Research 
Laboratory of Electronics at M.I.T. 'fhe circuit design is a two stage class C amplifier. A schematic of 
the circuit is shown in Figure 4.1. I1ic first stage consists of six 6I46B pentodes operating in parallel and 
produces a maximum output of approximately Ik W. 'niese tubes drive die output surge which consists of 
a single HI MAC 4CX1S000 air cooled tetrode. This tube is capable of delivering ISOkW in a short pulse 
mode. The plate power supplies of both amplifier stages arc capacitors which arc charged by power suppl^v'S 
of modest radng. The transmitter can supply its tlill output for 1 msec. 

The antenna used to couple power to the plasma is a two turn loop antenna insulated with Ku|>ton 
and woven glass. The design is illustrated in Figure 4.2. The unloaded Q of tlic antenna is 150. The antenna is 
located 15 cm from the mirror midpianc and die long dimension of die loop is in die direction of die plasma 
fan. Ihc dimensions of die antenna were determined by l.angmuir probe mcasurcmciits of the plasma at the 
location of die antenna. Rgurc 4.3 shows the ion saturation current as a function of radius. Ihc dimension 
of the antenna loop was chosen to be r = ^3.5cm so that plasma would not intersect the antenna, but 
coupling to die plasma would be maximized. 





Figure Ion saturation current vs. radius near antenna. 
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Figure 4.4. Radiation resistance for tlic antenna vs. frequency. 
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In order to properly match the antenna to tlic transmitter, low power plasma loading experiments 
were performed with a single turn loop antenna and later repeated with the two turn antenna. The radiation 
impedance was measured as a ftinction of frequency. The data for the two turn antenna arc shown in Figure 
4.4. A Fi matching network was used to match the 500 ohm output impedance of the 4CX15000 lube to a 52 
ohm transmission line. The antenna impedance of 5 + j66 ohms was tJien matched to the transmission line 
using a capacitive network as shown in Figure 4.1. The transmission line is 9.9 meters long and is essentially 
lossless when compared to tlic antenna loss in the presence of die plasma. 


3. Heating Results . 

ICRF heating of the Constance II plasma has been perfonned for RF power levels of up to 50 k’»V. 
The ICRF hearing pulse is coincident with die plasma gun injection time. Ilie heating pulse is 200*500 yaec 
long. The maximum power level of 50 kW is limited by breakdown of die ceramic feedthrough insulation 
of the antenna. Maximum heating, as observed by die charge exchange analyzer, was obtained when the 
heating frequency was tuned near die mirror midplanc field (w/wki = 1.02). However, hearing has been 
obsen'ed for frequencies .95 < uifuieo < 1.2. Figure 4.5 shows die increased charge exchange signal 
observed in die 500cV eharge exchange channel as die frequency is tuned through die midplane resonance. 

We have measured the charge exchange llux as a function of energy to determine the increase in 
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average iun energy resulting from the npplicatiun of ICRF heating. Fora 50k VV heating power level, tlie ion 
temperature increases from 26ScV to 460eV, I'lic charge exchange spectrum data arc shown in Figure 4.6. 

The initial heating results have not shown a noticeable increase in ion cyciotron fluctuation tcvels 
associated with the IXI.C instability. However, more data must be tiikcn before we can be sure about the 
effect of heating on tlic instability. We arc investigating tlic effect of ICRF heating on the ion distribution 
function. The growtii rate of the instability is dependent on the detailed nature of tlic distribution function, 
and the application of ion heating may alter the distribution in such a way to have a stabilixJng cfTcct A 
Monte Carlo code is being written to include tlic effects of ICRF heating so diat we can better understand 
the effect of heating on the ion distribution. 


Figure 4 . 6 . Charge exchange spectrum witli and without ICRF. 










ECRH Program 


The prime goal of tlie Constance II electron cyclotron resonance heating (KCIIM) program is to 
develop a basic understanding of the physics of heating dense (u;,,* ^ lOce) and modcrcUcly warm {T^ ^ 
20eV) mirror-cnnfined plasmas. Once this heating process has been successfully iincicrstood, it should be 
possible to explain and predict the evolution of tlic electron energy distributions in the prc.'cnce of RF. 
The experiment is well equipped to create and evaluate a hot electron ihqrmal barrier, to study hot electron 
stabilisation of microinstabiiities, and to identify die hot electron instability observed at high heating powers, 
llicsc are the four principle tasks v/hich can be addressed by the HCRM experiments. 

The details and plans of the F.CRH program are organised into four sections. First, the microwave 
hardware, and basic heating configurations are described. 11icn, the experimental geometries and procedures 
for die four tasks arc briefly summarized. In the second section, die expected behavior of die experiment 
during ECRH is previewed, while, in die third section, the data from die first round of heating experiments 
are presented. 


1. Constance II ECRH Facilities and Procedures . 

Constance II has a high power, 9.3 GHz Varian Magnetron which has been adapted for use in a 
single, long-pulse mode, llie magnetron along with die electron diagnostics described earlier provides a 
facility for the evaluation ofHCRH in mirrors. 

The microwave source is the same Model SF'I>303, 3 cm, IMW coaxial magnetron (on loan from 
Varian Associates) used to stabilize ion-cyclotron fluctuations in die Constance I ECRH experiments [Ref. 
25], A long-pulse, spark-gap modulator allows heating powers up to 200A;VK fur 45/xaec. Tiic forward and 
reflected powers are monitored by calibrated attenuators and detectors, and die waveguides arc pressurized 
widi SFa to avoid breakdown. In addition, the enlarged access of Constance 11 as compared to Constance 
I has allowed die launching horns to be located farther from the plasma boundary nearly eliminating the 
window breakdown observed in Constance I. 

• 

The first set of experiments (and those which arc currendy in progress) is designed to examine the 
physics of two launching geometries: (1) a side-launched, linearly polarized, extra-ordinary wave, and (2) an 
end-launched, right-hund circularly polarized, whistler wave. 'Hicsc two modes should have high first-pass 
absorption in die low to moderately hot electrons of Constance II and allow simple theoretical models to be 
used in analyzing die data, 'llie waveguides and launching horns for these c.xpcrimcnts arc presently under 
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Figure 5.1. Waveguide geometry for Uic preliminary' Consiance IT F.CRH 
experiments discussed in Section SX 


construction. Temporarily, a hom has been placed in tite mirror midplanc as shown in THgurc 5.1. 

Tlic objective of these first experiments Is general and exploratory. They should dctcnninc cx- 
pcriincntany tlic evolution of the electron energy distribution as plasma and heating parameters arc varied. 
ITic x-ray, Thompson scattering, VUV, and magnetic and Langmuir probe diagnostics will determine tlic 
net power absorbed and the percentage of tail and bulk heating. All of the electron diagnostics except tlic 
VUV monochromator cun be scanned cititer radially, axially, or both to estimate tlie density and location 
of "sloshing" electrons and tlic amount of edge heating. 'Htc microwave power and pulse length can be 
changed permitting tlic comparisT)iv of non-linear and quasi-lincar heating and the detennination of the 
energy confinement properties at any instant during tlic 45fisec heating pulse. Mnally, the most versatile 
feature of the experiment Is tlic wide range of plasnia densities and magnetic fields over which a target for 
the HCRM can be produced. 'Ilic variation of density allows direct comparison of oyerdense and underdense 
absorption. Raising, or lowering tlic main magnetic field pcntiit the heating of the plasma at citiicr die first or 
second harmonic and die re-positioning of die resonant zones to any axial position within die mirror. 

Another set of experiments can be perfonned in conjunction with die P.-bcains studies. The scaling 
of the heating properties with die initial cltxtron temperature might be experimentally detennined by "pre- 
heating" die electrons duritig plasma buildup with a controlled injection of die H-bcam. Ily initially wanning 
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tl)c electrons, the most serious limit to tlic direct application of the Constance.il HCRI l results to future 
experiments, namely the low to moderate electron temperature, may possibly be extended. 

After cataloguing d\c effects of HCRI i, die machine wt'l be in a position to address the three specific 
problems or applications of hXRH discussed in die intruduetion. These arc (1) to create and evaluate a hot 
electron thennal barrier, (2) to study hut electron stabili/ation of microinsuibilitics, and (3) to identiry die 
hot electron instability observed at high heating powers. 'Ilic order and extent to which these projects will be 
undertaken depends both upon the outcome of die preliminary HCRIi study and upon the outcome of die 
confinement studies (hopefully, producinga dense, DCl.C unstable plasma). At this time, only a bricflisting 
of the possibilities for die second half of die HCRH program is presented. 

First, a hot-cicetron thermal-barrier can be created using a design similar to that proposed for TMX- 
upgradc. By reconnecting the mirror coils we can produce a 4:1 mirror ratio instead of its present value of 
2:1. Then, the same microwave plumbing used fur the heating experiments will be used simultaneously to 
heat die midplanc barrier electron at die second harmonic and die outboard "bulk” electrons at the first 
harmonic. Tlie variable power splitter will be used to enable both horns to be powered from die some (and 
only) magnetron while still permitting complete control over relative intensity at each region. If "sloshing- 
ions" can be produced by the ICRF, the energy required to maintain the barrier will be compared to 
that needed widi and without ICRF. 1'u test and evaluate die barrier, a large stainless steel paddle will be 
inserted near one of the mirror peaks purposely c(M)ling the un-hcatud half of the mirror plasma. l.angmuir 
probes positioned on either side of die barrier will be able to measure die dilferencc of die local electron 
temperatures as a function of barrier density and temperature. 

Secondly, hot electron stabilization of DCLC can be studied in the same manner as used previously 
by Klinkowstcin [Ref. 22] and MaucI [Ref. 25] on Constance I. However, Constance II is armed with supe- 
rior diagnostics and (hopefully, by die time these experiments arc fully underway) a diorough understanding 
of the capabilities of F.CRH. In addition, the simultaneous progress of the F-beam studies should allow 
direct comparison of E-bcain and ECRU stabilization under identical conditions, llie objectives of the stabi- 
lization experiments will then be straightforward. F'irst, diosc specific heating conditions (e.g. power, pulse 
timing, and resonant zero location) which stabilize the fluctuations will be identified systematically. Then, 
using die same mcdiods used during die exploratory ECRM experiments, the electron energy distribution, 
axial electron location, axial potential variation, and neutral gas pressure present during the moments of 
stabilization will be analyzed. It should be possible to combine these data with past results and with the 
recent dicory of Gerver (Ref. 13] to generate a consistent experimental picture of die mechanism responsible 
for Che hot electron sutbilixation observed in Cbnstance II. 

Finally, die last possibility currently planned for ECRH at Constance II is the identification of the 
hot electron instability which has been observed at high heating powers on both Constance I and Constance 
II. Tlie conditions for the onset of die instability would be labeled by varying density, heating power, and 
heating zone location. The frequencies, wavenumbers (fur die electrostatic modes), and bandwidths of 
the instability will be measured using techniques similar to diosc described in die section on gun studies. 
In addition, die detrimental cifcct of die instability on die electron confinement will be measured using 
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diamagnetic loops and x-ray diagnostics. 


2. A Theoretical Preview of ECRH . 

Tlic theory which will be used to interpret and analyze tlic Constance I! RCRU data falls into three 
categories. It must determine (J) die mute followed by tlic waves, traveling from the kiunching horns to tlic 
point of absorption, (2) die mechanism by which die particles absorb die wave energy, and (3) die global 
energy balance between the waves, electrons, and the electron’s collisional losses. This section brielly reviews 
these three theoretical problems fur die puniosc of clarifying die issues facing the experiment and assisting 
the description of the preliminary data in the following section. 

Porkolab (Ref. 36] studied the ray trajectories, accessibility conditions, and refraction patterns of 
electron cyclotron waves propagating in mirror geometry. By using the simple linear model of cyclotron 
damping, they have been able to estimate the initial power absorption of the waves by a locally Maxwellian 
plasma. This work is immediately useful to die Constance II ECRH experiment. For example, from a CMA 
diagram, it is found that the right-hand circularly polarized (whistler) wave is always accessible provided 
the wave is launched from the high field region of die mirror, 'fhe extraordinary wave (widi Ary = 0) is 
accessible when launched from the high fields only tou/pe < u/ve. Tlien, using Porkolab's calculations for 
the power absorption (Ref. 11 and 35] die whistler wave is expected to be completely absorbed on die first 
passes; whereas, the extraordinary wave should be absorbed on die first' pass only for electron temperature 
greater dian about 300 to 700cV depending (in a complicated and critical way) upon die density, the mag- 
netic field gradient, and die direction of propagation with respect to die magnetic field. Since Constance II 
has an initial elcctvon temperature between 5 and 20eV, die side-launched waves will initially pass through 
or refract around die plasma. Tlic rays will bounce within the chamber and get absorbed cither by the high 
k^\ modes, by making several pass through resonance, or by wall absorption. After the initial heating phase, 
the electrons arc likely to be non-MaxwcIlian; nevertheless, as the temperature rises above 200c V, complete 
first pass absorption is expected. 

The mechanism of linear cyclotron absorption used by Porkolab to estimate die RF damping is not 
useful, however, to model the time development of die electron energy distribution, 'fliis requires a detailed 
treatment of the bouncing orbits of the particles in the magnetic (and electrostatic) well and die stocha.stic 
diffusion resulting from the overlap of die wave particle bounce resonance (Ref. 23, 4, and 28]. Diffusion 
coefficients for die particles have resulted from these analyses and can be used wiUi a Fokkcr-Plancic code to 
predict the dme response of the electrons to die ECRH. These theoretical studies arc underway and should 
give details such as the heating rate, ECRH equilibrium, and turning-point accumulation. In addition, 
careful analysis of the power absorption mechanism gives limit to die maximum power which permits 
valid application of die linear theory. For die experiments described in die next section die heating can be 
considered linear roughly when P{kWatl) < In other words, for 5kW heating, die average 

electron energy must be greater dian I KcV. In most cases, die Constance II heating is highly non-linear. 
Hie heating rate, then, is given by the bounce rate of die particles and die average change in magnetic 
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moment on passing through resonance, [Ref. 28), The non-linear heating scales approxintciy as P\^^, and the 
linear heating rate scales os Pr/> 

Rnally, the remaining theoretical aspect of tlie ECRH heating to bo considered is the confinement 
and I'oss properties of the heated electrons. These are predominnntoly the classical collisionai mechanisms of 
the mirror in contact with the walls via an external plasma and die background of neutral gas [Ref. 1 and 
27]. (Cyclotron and brcmsstrahlung radiation should also be included here; however, for all temperatures 
expected in Constance II. these will be insignificant compared to collisionai losses.) 'Hie possibility of an 
ECRM maintained equilibrium is of great importance to the barrier studies and will be investigated both 
experimentally and theoretically. 


3. Preliminary Experimental Results . 

While construction of the diagnostics is being completed, preliminary data have been gathered in 
order to test the basic operation of die- modulator. Heating has been successfully observed, and, in this 
section, preliminary "check-out" data are summarized (Ref, 26). 

The geometry of the experiments was shown in Figure 5.1. Hie side-launched, extraordinary mode is 
used although die horn is placed in die luw-Hcld region so that much more edge heating is expected dian in 
future experiments, Tli,e diagnostics used for die experiment were die midplahe diamagnetic loop, l.angmuir 
probe, interferometer, and VUV monochromator. The forward and reflected power were also monitored. 

Five different questions were asked: 

1. How does die net energy absorbed change as the main magnetic field is changed? 

♦ 

2. How does the absorbed energy vary with injection power (for fixed RF pulse 
length)? 

3. How does the net .energy absorbed change, widi increasing RF pulse length (for 
fixed power)? 

4. What is the variation of net energy absorbed with increasing line density? 

5. What is the change in the bulk electron temperature, as measured with the 
Langmuir probe, due to the heating? 

These questions were straightforward to answer experimenpilly and provided adequate demonstra- 
tion of the operation of the magnetron. 
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cl?n U '” ^‘^"’^enctisin vs. RF power for constant 

C^H pulse length. Curve shows an approximate heating efficiency of 



Figure 55 . The peak change in diamagnetism vs. EGRH hcaUng time for 
fixed power, I8k W. Comparison of this figure with Figure 5.4 indicates the 

slowing of the heating rate after the first < 
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Figure 5.6. Changes in diamagnetism as die line density is varied.. Widi 
Ioffe bars. Notice the nearly constant net heating for densities above a very 
low dircshold. Tlic exact value of diis low density threshold could not be 
measured. No higli density cutoff was observed. 


Figures 5.2 and 5.3 show die results of varying the magnetic field with and without Ioffe bars. Plotted 
on the graphs is the peak change in -diainagncdsm due to ECRH as the mirror field is varied from well 
below resonance to fields above which no resonance exists on axis. The addidon of the Ioffe bars appears to 
sharpen die first haimonic resonance as compared to no Ioffe bar example. Also, second harmonic heating 
was observed without Ioffe bars. (No corresponding data arc available when the Ioffe bars were energized 
since the Ioffe power supply cannot operate at low currents.) Tliesc data demonstrate resonance hcadng. 

Figures 5.4 and 5.5 answer questions 2 and 3. The first shows a net heating efficiency of 30% for 
20^cc RF injections and for RF powers up to 50AIV. This is approximately 5 dmes more efficient dian that 
observed in Constance f (Ref. 25]. The second shows die net energy absorbed as the RF pulse is lengthened 
and reveals the very interesting result that, by lO/isec, die headng and loss rates appear to have nearly 
equilibrated. 

The change in the diamagnetism due to changes in density during hcadng is shown in Figures 5.6 
and 5.7. The first figure represents the data when die Ioffe bars were energized, while the second is when die 
Ioffe bars were net used. Here, die density .was controlled by lowering or raising die plasma gun voltage, and 
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FigunSJ. Changes in diamagnetism ns die line density is varied. With no . 
loiTc bars. The top graph shows liow diis data was obtained: by varing the 
gun voltage. 'I’he general trends are die same as those shown' in Figure 5.6. 

the line density was monitored by the interferometer. In both cases, the maximum heating was observed at 
the lowest density that could be measured by die interferometer, although as the density increased no cutoft' 
was observed. Whether diis clTect is due to the good accessibility of waves propagating along field lines or to 
edge heating will be determined with probes and lliompson scattering during future experiments. 

Finally, the Langmuir probe data are shown in Figure 5.8, which plots die bulk electron temperature 
during and after the f:CRH heating pulse for several injection powers. Tlic peak bulk temperature increases 
by a factor of four from 5 to 2GcV as the power is raised to 25kW. After die end of die RF, die bulk electron 
temperature returns to ~ 5eV with a characteristic time of about 20paec. Figure 5.9 gives an example of the 
Langmuir probe data. 1lic “bulk electron temperature" referred to here is found from the largest slope of 
the probe’s IV characteristics. It was not possible to estimate the density or energy of an electron tail from 
these experiments. 

Other data were taken in the course of answering the five "check-out" questions. 'Fite intensity of 
the oxygen VI impurity line was found to more dian double during several SOA'IV heating pulses. After the 
end of die FCRH, the level decayed back to its normal level within a few tens of microseconds. The "hot 
electron instability" was observed under conditions similar to diosc found in Constance I by using the high 
impedance floating probe. A brief experiment was conducted to determine die eflcct of die ECRH on the 
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Figure 5.8. Several measurements of the bulk electron temperature during 
and after the HCRH pulse. Powers between 0 and 251c Watts were used, 
The heating started at 400fieec and lasted for ISfxsec. The temperature 
returns to its normal ~ 5eV after about 20pisec. 


ion*cyclotron fluctuations observed at low densities. Although tiic fluctuation level was high and although, at 
high powers, tlie ECRH consistently reduced the fluctuations, the stabili/ation results were not repeatable at 
moderate and low powers, lltc data, representing 38 shots, are shown in Figure 5.10. 

The build'up and decay times of the diamagnetic signals were recorded which can provide a useful 
diagnostic when tiieir rates are compared to the classical coHisional loss rates. Sample diamagnetic and 
interrerometer data arc shown in Figure 5.11 for two sliots with and witliout HCRH. Notice tlic sharp (~ 1 
to Sfuee) increase in die plasma energy followed by the ’'equilibrium” maintained for die duration of die 
heating pulse. Tnc energy decays to about 60% of die equilibrium value the instant die power is turned ofT 
and, then, more slowly (r^eeau ^ SOpuec) for die remainder of the decay. Tlie line density shows 
a remarkable increase during and a .r -eatly slowed decay after die HCRH pulse. This may be due to edge 
hcaUng or to turning-point accumulation. 

Obviously, die many interrelated processes which give rise to die behavior observed here arc compif* 
Gated, and it is the purpose of future study to unravel diem. However, a few simple calculations can suggest a 
course to follow. 
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Fieurc 5.10. Results of 38 shots with and without fICRH while monitoring 
tlic ion cyclotron nuctiiations in low density plasma. Tiuinium gcitcring 
was used before each shot. The results did not seem repcatiible. for low or 
moderate powers. More data will be taken at a later time. 


llic density during tlie RF pulse is between 0.5 and 1 X 10‘^crr?~^, and tlie bulk electron tem- 
perature is 5eV. 'fliis corresponds to the "long injection" mode of operation described in the section on 
confinement studies. The diamagnetic measurement, therefore, gives tlie ion temperature to bo between 15 
and 35eV. The, tlion tlie dkW heating puise is appiied, nr climbs by 400 X 10‘^cKcm~^ even though the 
bulk electron temperature only rises by l5eV. Since tlie liingmuir probe data do not exclude tlie possibility 
of a 10-15% hot electron tail, die data arc self-consistent (assuming no complications due to edge heating) 
only when there is a tail of energy between 250 and 700eV. Furthermore, tlie toUil decay time (collisional 
plus drag) for 500cV electrons in a 5 X lO'^cm”^ cold plasma is 'iOfisec. (niesc arc tlie same arguments 
used by Maud, (Ref. 25] to suggest that "warm" not "hot" electrons were responsible for tlie observed 
DCLC stabilization). Finally, 5kW is equal to the power loss of a half-liter plasma at 2 X 10‘^cm~^ 
containing 500c V electrons with an energy confinement time of 20^cc. Tlius, the balance. of the observed 
energy loss rate and input RF power is "close enough" to indicate that the observed ECRH equilibrium is 
plausible. 


Plasma Gun Studies 


1. Introduction . 

The hot ion plasmas in the Constance II mirror experiments are produced by plasma guns of the 
washer type. Most of our experiments utilized the 'fi washer gun developed by Coensgen [Ref. 6). (I) With 
gun discharge currents in tlic lOOO amp range, and durations of 300-500 fieec. ITie plasma injected into the 
mirror region hasa significanthot ion component (T,- ^ 100 — ISOcV'), and an essentially cold component 
At "low” densities 10* the ions arc mostly hot At higher densities there is a mixture of hot and 

cold ions. The neutral gas injected into die mirror remains below 5 X 10“® Torr for about Imaec. 'fliis is 
a remarkably simple system for producing an "interesting" plasma. Unfortunately, tlicrc is no independent 
control over density or temperature, 'rhits, we have been studying some of the detailed characteristics of the 
Ti washer gun in order to better understand how it works; and we have investigated some washer guns in 
which tlic Ti washer was replaced as an Hi source by a pulsed gas valve, 

The 2" Ti washer gun tliat we obtained from Lawrence Livermore Lab is sliown in Figure 6.1. Our 
modified pulsed gas gun is shown in Figure 62. The Ti anode has been replaced by Mo. The gas valve 
opens and closes in about 2 msec. A similar gun with a 1/2” dia. cathode and anode is now being studied in 
Constance II. 

The pulsed gas gun was built to test the observation that tlie ion temperature varies inversely with , 
the gas density in the gun. Tlic gas valve would allow us to independently control the gas density. This 
has turned out to be only partly true. There is a reservoir of gas on the surface of the cathode and the 
other electrodes that establishes the minimum gas density during the discharge. However, die valve gun does 
not have the run-away pressure build up at long pulses dint accompanies the heating of the Ti washer, and 
preliminary observations indicate tiiat levels of metallic impurities arc much reduced in tlic valve gun. 

The mechanism responsible for heating the ions is still a mystery. During the gun discharge, tlie 
anode-cathode voltage lies in the range 100-200 volts. Nevertheless, we observe ions with energies of 
lOOOeV, or more, lliis indicates some sort of cumulative acceleration - citlicr by a coherent wave interaction 
or by a stochastic process. 

The mechanism rc-sponsibic for heating the ions is still a mystery. We observe ions with energies 
out to 1000c V, or more, and we believe tliat tlicy arc accelerated by some cummulativc process - citlicr by a 
coherent wave interaction of by a stochastic (turbulent) process. Our initial. assumption was tliat we would 






rf probe 








64 PLASMA GUN STUDIUS 


find a strong oscillation at driven by the electron beam plaitma interaction near the cathode, A lengthy 
search has failed to detect tlie expected mm wave signals, or any strong signals ^ However, 

there is a strong band of signals in tlie neighborhood of 1 GH/„ which is close to the ion plasma frequency. 
These oscillations may be responsible for tlie ion heating, but we still do not know how they are excited or 
energized. 


2. Gun Measurements . 

The work reported here follows on that of Rymer [Ref. 40J, and is somewhat parallel to tliat of 
Osher. [Ref. 33]. We present here a sampling of some of Uic measurements made in tlie plasiria stream 
leaving the gun. 

The guns tested were 2” washer guns - Ti-washer and pulscd-gas. They were excited by a delay line 
with an internal resistance of about 0.5 ohm. Since the effective arc resistance was about 0.1 ohm, the system 
was nearly constant current controlled by the bank voltage. 'Hie principtil measurements made on the plasma 
stream launched by the gun were: 

• Stream current (RogowskI coil, collector plate) 

• Total energy (flat plate calorimeter) 

t Diamagnetism, 

• Visible spectrum 

• Radio spectrum 

The important adjustable parameters were 

• Pulscr bank volfagc, Vf, 

• G uide field strengtli, Bg 

I 

• Injected gas, controlled by tlie valve voltage V„ 

A 2" pulsed gas gun was installed in Constance IT, and fired with various valve settings. The pressure 
rise in the 500 liter tank was measured witii the pumps vaivcd off. Figure 6.3 shows tlie relation between 
injected gas pressure and valve voltage. It is evident that tlie gun produces a plasma with no injected gas 
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(Vv == 0). and chat the valve only adds gas above the minimum levels indicated, 'nic ambient pressure was 
about 5 X 10“’'7’, tmd die time between shots was minutes, so tliat tliere was ample time to absorb the 
amount of gas evolved. 1lic catliodc area of 20 cm^ could easily contain more than 10'° molecules, and a 
similar number is available from die inner surfaces of die washer stack. One conclusion we may draw, is that 
the Ti washer's hinction is to load die electrode surface with Hi for the succeeding shotl 

For the subsequent data reported here, we used a somewhat improved valve. Its calibration, of 
injected molecules vs valve voltage is shown in Figure 6.4. 

The stream current. 4 = /_ — was a net electronic current for all die range of parameters we 
observed. It’s dependence on By is shown in Figure 6.5. I’hc dependence on gun voltage is sliown in Figure 
6.6. Figure 6.7 shows the time dependence of the stream current of the pulsed gas gun. The rise in current at 
the end, we believe, corresponds to a depletion of gas in the gun, (see Figure 6.10). 

Figures 6.8 and 6.9 show the dep endence of diamagnetism, Wj,, widi bank voltage, and magnede 
Held strength. - . - 

Figure 6.10 sliows the effect of injected gas on: stream current, diamagnetism, and total energy. The 
increasing diamagnetism with iV„ represents a denser but cooler plasma. Figure 6.11 shows the variation of 
Wj_ with bank voltage for several levels of injected gas. 

The visible spectrum signals of some impurides (Cu, Fe, and Mo) arc shown in Figure 6.12 for the 
pulsed gas gun, for the cases of injected gas and for no injected gas. It is apparent diat the impurity signals 
are greatly reduced with injected gas. We have observed that guns operated with no injected gas show signs 
of mcldng around tlie anode aperture, and on some of the copper washers. 

We explored die RF spcctrum of the fluctuations in the plasma stream, and to a limited extent within 
the gun itself. Except for die first few microseconds of the discharge, we have not been able to detect 
signals above about 1-1.5 GHz. With plasma densidcs greater than 10'^, we would have expected plasma 
frequencies in the range above 30 GMz. We did, however, find a relatively strong band of frequencies in the 
range 500-1000 MHz; this corresponds, roughly, to the ion plasma frequency. 

Figure 6.13 shows die rectified signal picked up by a probe and filtered by a 200 MIIz high pass 
filter, also shown is the gun voltage. It is generally observed that the rf signal goes to zero when the gun 
voltage falls below a critical value, usually 150 volts. In Figure 6.14 the behavior of the rf is shown for 
various bank voltages, and it is evident that the i f lasts longest for die lowest voltages, the dmc to cut off 
always corresponding to the same critical gun voltage. In Figure 6.15 we show die effect of introducing more 
gas, and we see that die dmc to rf cut off and to die critical gun voltage decrease together. Tfiesc observadons 
correspond to results on Ti washer guns in Constance II, diat show, hot ions being produced during the early 
part of the pulse, and lasting longer for lower bank voltages. 
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Figure 6J. Injected gas pressure vs. valve voltage. 
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Figure 6.7. Time dependence of stream current for tlic pulsed gas gun. 
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Figure 6.tl. The variation of diamagnetism as the bank voltage is changed 
for several levels of injected gas. 
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Figure 6.12. A comparison of the impurity signals of Cu, Fc, and Mo with 
and with out. injected gas. 
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Figure 6.13. Rectified signal of the RF after a lOGiviMzhigh pass ftltcr. 
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3. Discharge Mechanism . 

In this section we consider a model of the "steady state" discharge in tlie washer gun. We know that 
the dLscharge current lu is constant at, s<iy, 1000 amps with an anode-cathode voltage Vs =; 100 — 150 volts. 
Visually, the discharge seems uniform over die whole cathode and there arc no pit marks on the cathode to 
indicate arcing. If we assume that ail of the discharge power (lOOkW) is dissipated at the cathode (20cm^), 
the temperature rise of a copper slab after 1 msec is ~ 100*C(4). dius thermionic electron emission is 
excluded. 'Hie discharge current Ip = -f- 4 = Z+fl -f- 7 ) where is tlic ion current and 7 is tlic 

secondary emission of electrons by ion bombardment. For clean Cu (no gas layer), 7 f==» ,01.(5) However, 
for a gas covered target 7 = 0.1 — 0.2.(6) Let us assume 7 = 0.2. 'I'hcn c^; 40a/cm^, Let us assume 
Tg in the discharge plasma cii 206^, dien we compute n 4 X 10‘^. We know that outside the gun, 
an 8 mm interferometer is cutoff, n > 1.7 x lO*’^. Thus the model seems to hold, so far. In the "steady 
state", the ions flowing to the cathode must be replaced. Since cxcitadon cross sections arc about equal to tlic 
ionization cross section, we assume an "effective" ionization energy V' czsj 30. The power needed to sustain 
the ion flow is P,- ~ — 2'ikW. The power source is assumed to be die secondary electrons /« == 7 /+, 

accelerated by Vp, Pg = 0.2/+ X 150 = 301^ = 241<w. This is a little too close for comfort, but it is 
plausible! 

Tlic ionization is due 1,0 the primary electrons and the plasma electrons. If the neutral density is 
3 X 10''^(10rm7/:Zorr), the primary electrons have a mean ionization path ~ 30 cm. much longer than the 
gun. However, if 7V = 20eV for the plasma (n = 3 X 10'^) electrons, < av >,c:i 1.1 X 10~® and 
the ionization rate can be accounted for within the gun structure {L 8 cm). The transfer of tlic primary 
beam energy to plasma electron energy could be accounted for by the beam-plasma interaction (Langmuir’s 
famous paradox). This requires the excitation of a strong Upg oscillation {/p ca 5QGHz) in a layer just 
beyond the cathode fall. We have not yet been able to detect such oscillations and it is not clear if the 
failure is due to measuring techniques or if there really arc no such oscillaiioas. Iftlicre were such strong 
oscillations tlicn they could set up modulational instabilities and generate tlie oscillations tliat we do observe 
at ~l GHz which is about /ps.(7) Alternatively, there is die model of Coppi’s (Ref, 8 J based on a "slide away 
distribudon" diat predicts the direct cxcitadon of fpi oscilladons without any fpg. These questions arc being 
studied now. 


4. Hot Cathode Plasma Gun . 

In addition to our studi«» of pulsed gas washer guns, wc have begun the construction of a hot- 
cathode plasma gun similar to those used by Nezlin [Ref. 30] and Ioffe [Ref. 17, I 8 j. The reported 
performance of dicsc guns seems to exceed diat of die washer gun. However, dicrc is not much detailed 
description available in the literature. Tlie apparent advantage of diis gun is that it gives us one more degree 
of control by virtue of having a dicrmionic cathode (LoAi) so diat the ratio of electron to ion current at the 
cathode may be increased. Since the cathode runs hot (> 1500 *C), there will be no reservoir of surface 
absorbed gas as in die cold cathode washer gun, and die amount of gas in the discharge will be more fully 
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controllable by die gas valve. Tlic principal tccbnical problem has been that of designing a long lived W 
filament to heat the graphite - LoBq, 2 cm dia. cathode, lliis seems lo be solved, and we are proceeding with 
the construction of an assembly fur Constance II. 

5. Technology . 

5.a. FiMti Gas Valve. , An electromagnetic gas valve has been built that has an open time of about 300 
microseconds. With a fore-pressure of I atmosphere oUii, it can inject up to 1.5 x lO'® molecules into a 
vacuum system. The valve is activated by die discharge of a 3 uf capacitor (2-3kv) into die coil. Figure 6.16 
is a sketch of die device, and Figure 6.17 shows the pressure transient measured IS cm away from the valve 
norjtic, in the 500 liter Constance II chamber. 


PUSMA GUN STUDIES 




Flgtirc 6.17. Pressure transient for above value 15cm away from nozzle. 
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